Abstract: Two large landslides in overconsolidated glaciolacustrine clay and silt, located in river valleys in British Columbia, were found to be quite similar in their main aspects. However, their failure behaviour was very different. One continues to exhibit intermittent, mainly ductile deformations with limited mobility which are typical of compound landslides in stiff clay. The other suddenly developed into an extremely rapid flow slide of 6.4 Mm 3 , damming a large river in the course of a few minutes and projecting a wave onto the opposite bank. The flow slide followed a period of strong infiltration. A comparison of the two cases explains the difference in their failure behaviour. Three possible mechanisms for brittle flow slide formation are proposed, the first based on the undrained brittleness of soil at the rupture surface, the second on the high internal strength of the sliding body, and the third on macroscopic brittleness developed by pre-failure ductile deformation and softening. Both latter mechanisms are facilitated by the presence of nonplastic units in the sliding mass.
Introduction
Extensive glaciolacustrine sediments have been deposited along river valleys of British Columbia and Alberta, in lakes formed by blocking of streams during the advance and recession of Pleistocene glaciers. Subsequent glacial overriding has overconsolidated the laminated silt and clay. These sediments are subject to widespread slope instability where oversteepening, stress release, and valley rebound associated with fluvial erosion have taken place. This article summarizes the results of a research program aimed at comparing two landslides of this kind, the Attachie landslide on the Peace River in northeastern British Columbia, and the Slesse Park landslide on the Chilliwack River of southwestern British Columbia (Fig. 1) . The two cases are quite similar in their main aspects. Both occurred in heavily overconsolidated, laminated clay and silt, which was once overridden by as much as 2000 m of glacial ice. They had compound surfaces of rupture, consisting of a weak, shallow-angled plane, on which the body of the displaced mass moved in a translational manner, and a steep main scarp. This type of movement appears to be common along the banks of the Canadian Prairie valleys (e.g., Cruden et al. 1997) . In both present cases the surface of rupture daylights high on the bank above a river and is underlain by pervious strata of sand and gravel. Both involve volumes measured in millions of cubic metres.
There is, however, one major difference between the two cases. The Slesse Park landslide exhibited behaviour typical of slides in overconsolidated clay (e.g., Skempton and Hutchinson 1969) : slow to rapid, intermittent displacements controlled by temporal changes in pore-water pressure, development of scarps and sag depressions, localized earth flow movements, and piecemeal delivery of material to the crest of the toe scarp, where it rapidly slides into the river below (Fig. 2) .
The Attachie landslide behaved similarly until the spring of 1973, accumulating some tens of metres of displacements since at least 1952. Then, on 26 May 1973, a major flow slide was triggered (Evans et al. 1996) . More than 50% of the total volume of the failing mass started moving suddenly and formed a flow slide of 6.4 Mm 3 which descended a 50 m bedrock scarp and travelled nearly 1 km to its distal limit on the opposite side of the Peace River floodplain (Fig. 6) . The debris generated a displacement wave that downed trees on the opposite bank and blocked the flow of the Peace River for about 10 h (Evans et al. 1996) . Local inhabitants reported that noises generated by the slide lasted over a period of only 10 min (Thurber Consultants Ltd. 1973 ). This type of extremely rapid flow slide failure is not the usual mode of movement in insensitive, overconsolidated glaciolacustrine sediments.
The objective of this research is to explain the apparently anomalous behaviour of the Attachie landslide. The Slesse Park landslide did not exhibit a similar large-scale flow slide phase and is unlikely to do so in the future, given the occurrence of several largely ductile reactivation episodes. It is considered that a detailed comparison of the two cases may be helpful in bringing out factors responsible for these differences in behaviour.
Data sources and methodology
Existing information was available for both sites. The Attachie landslide occurred within the planned reservoir of B.C. Hydro's proposed site C dam and was investigated for the purpose of assessing the risk of a landslide wave. Eight boreholes were drilled and piezometers and inclinometers were installed. Triaxial and direct shear tests were carried out. Topographic mapping before and after the 1973 flow slide was prepared at 1:250 scale. Airphotos exist from 1945, 1956, 1970, and 1973 .
The Slesse Park landslide was described in an unpublished report by Thurber Engineering Ltd. (1997), but no subsurface investigation was done. A topographic map of the slide area at 1:2500 scale and airphotos from 1940, 1952, 1979, and 1997 are available.
The present study began by reviewing the aforementioned information and relevant engineering and geological publications. Airphotos of both slides and climate records were examined. Detailed geomorphological field mapping was carried out to supplement previous work. One 6 m deep hand-drilled auger test hole was drilled at the toe of the Slesse Park site, field vane shear tests were done, and a piezometer was installed. A full range of index testing was carried out on samples collected in the field.
Three-dimensional (3D) models of the rupture surfaces of both landslides were reconstructed using a detailed kinematic analysis of deformation features such as scarps, grabens, sag ponds, and rotated blocks surveyed on the ground surface. In the case of Attachie, this was augmented by borehole data. Approximate digital elevation models (DEMs) of the rupture surface of both slides were constructed from this analysis. A range of slope stability analyses were carried out with the aim of explaining failure occurrence and post-failure behaviour.
Slesse Park landslide

Physiography, geology, and climate
The Chilliwack River occupies a broad, west-trending valley displaying a classic glacially eroded cross section. The peaks are steep and rugged and at lower elevations the profile has been modified by thick deposits of valley fill. Local relief reaches 2000 m. The Slesse Park landslide area is located on the outside of a meander bend along the north bank of the Chilliwack River (Fig. 2) . The ground above the Slesse Park landslide slopes at an average of some 17°from Elk Mountain to the Chilliwack River floodplain. The slide area is bordered by creeks. Three other small creeks flow through the centre of the unstable area. There is almost complete forest cover, although the area has been logged prior to 1940. The bedrock of the area consists of folded late Paleozoic and Mesozoic volcanics and sediments (Monger 1994) .
During the Fraser Glaciation, Chilliwack valley was affected by both local, north-and west-flowing valley glaciers and by a lobe of the Cordilleran Ice Sheet that flowed south and southwest across Fraser Lowland from the Coast Mountains (Clague et al. 1988) . Repeated recessions and advances of these glaciers interrupted the Chilliwack River drainage and caused the formation of lakes. The most widespread lacustrine episode is dated at approximately 16 000 BP based on three radiocarbon dates. A readvance of the ice sheet culminated around 14 000 years BP (Clague et al. 1988 ). This loaded the lacustrine deposits by an estimated ice thickness of nearly 2 km.
Another lake episode and ice advance is thought to have occurred in the area ca. 11 500 years BP (Saunders et al. 1987) . Final deglaciation took place by 11 150 years BP. Following retreat of the valley ice, vigorous periglacial conditions ensued. Landslide activity in the early and middle Holocene is responsible for depositing localized valley fill and temporary damming of the Chilliwack River (Saunders 1985) .
The lowest unit exposed in the vicinity of the Slesse Park landslide is an outwash sequence of sand and cobbly gravel which forms the stable scarp beneath the toe of the rupture surface (unit 1, Fig. 3 ). Overlying the gravel are fine-grained glaciolacustrine sediments (unit 2, Fig. 3 ), consisting of laminated silt and clay with lenses or layers of fine sand. The contact is sharp and can be surveyed almost continuously for 500 m along the river at elevation 158 m.
There are discontinuous exposures of glacial lake material as high as 112 m above the river floodplain. It is probable that the Chilliwack valley glacier lay along the centre of the lower valley when sedimentation was active. Thus the lacustrine sediments deposited high on the valley walls were ice marginal. A discontinuous veneer of dense sandy gravel and unsorted silty sand and gravel covers most of the area. A date of 8700 years BP obtained from this material suggests colluvial origin (J.J. Clague, personal communication, 1999) .
The climate of the Chilliwack valley is typical of coastal British Columbia, with heavy precipitation during the winter and relatively warm, moist summers. Snow packs develop in the alpine zone. The average annual precipitation is 1130 mm.
Stratigraphy and groundwater conditions
A summary of the detailed Quaternary stratigraphy interpreted from exposures near the centre of the slide is shown in Fig. 3 . The main stratigraphic units include (1) fluvial gravels, (2) glaciolacustrine laminated silt and clay, (3) sand, and (4) colluvium. Variations in stratigraphy are observed in other cross sections, affecting mainly the upper units. These units were deposited in an ice-contact or ice-proximal environment, thus there may be kame deposits, mass wasting, or deposits affected by a turbid sedimentation environment. The lower parts of the stratigraphy are more consistent.
The glaciolacustrine sediments dominate the stratigraphy, accounting for approximately 91% of the slide source volume, and the remaining 9% is the more granular surface veneer. Laminated silt and clay accounts for approximately 78% of the lacustrine sequence, and the sandy facies 22%. Nonplastic silt occurs as a component of varves, alternating with clayey silt and clay and as occasional thin silt interbeds. There are no massive silt units in the stratigraphy. The sands are interpreted as minor delta or channel deposits.
The basal part of the rupture surface is located within unit 2 at approximately elevation 178 m, 5 m above the base of unit 1. This part of the rupture surface exploits a clay lamination 11 mm thick. Clay at the failure plane is homogeneous, light grey, stiff, and highly plastic. The rupture surface is a remarkably planar, thin, slickensided discontinuity with a dip of 1°to the west. This plane can be traced laterally for 100 m and probably extends for several hundreds of metres in total. It can be observed in Central Creek gully as extending at least 40 m into the slope, beyond the distal limits of the slide toe (Fig. 3) . A 16 mm lens of very fine sand overlies the clay lamination. Above the rupture surface, a zone several metres thick has been remoulded to an isotropic mass of stiff clayey soil (not shown in Fig. 3 ). Above this zone the clay and silt is again laminated with bedding dipping 4-20°into the slope, suggesting varying degrees of backward rotation. Secondary flame and fold structures are exhibited at elevation 193 m.
The lacustrine units act as an impervious cover over the granular facies beneath the rupture surface. Therefore, the surficial soils are usually saturated by local infiltration, as observed in the shallow piezometer installed in slide debris near the toe. The basal gravels probably do not have a good connection to any recharge area and therefore act to drain the slopes. Perched water tables exist, as shown by isolated seepage lines in the face above the river during summer months. The accumulation of colluvium at the base of the slope may contribute to pore-pressure buildup in the slope.
Each of the three known movement episodes observed during the last decade was triggered by events of heavy precipitation and (or) snowmelt and subsequent groundwater conditions. This may be a result of local infiltration, temporary rise of perched water tables, and filling of tension cracks.
Morphology
A cross section through the centre of the slide, where creek erosion cut deeply into the interior of the body of the slide, is shown in Fig. 3 . The rupture surface is seen to daylight on top of a steep bluff, 40 m above the river level. The surface of the failing mass slopes upward at about 16°from the top of the bluff to a continuous, steep main scarp, 1-21 m high. Below the main scarp is a back-tilted block with ponded water filling the graben (this is not in the line of the section in Fig. 3) .
The western lateral scarp is well defined and, based on photogrammetry, does not appear to have changed since 1940 or earlier. The eastern boundary of the slide is poorly defined but contains evidence of fresh movements. The maximum width of the slide is 760 m. The active slide area encompasses approximately 11.6 ha.
A reasonably detailed reconstruction of the configuration of the rupture surface and the geometry of the internal deformations can be made by the study of the slide morphology. The main body of the slide appears to be moving forward to-wards the river over the planar failure surface at elevation 178 m, mentioned earlier. Within the steep gully walls of Central Creek the surface is observed to extend 40 m into the slope. The same plane is assumed to extend a further 35 m into the slope, where it intersects a second planar element dipping 15°out of the slope, which in turn intersects the main scarp dipping steeply at 55°.
The presence of this second segment of the rupture surface is evidenced by the relative lack of back-tilting and the distribution of internal shears in the upper part of the slide, which indicates that the slide is not very deep in that region. No direct evidence is available to confirm the presence of this segment. A DEM of the present ground surface is shown in Fig. 4a , and a reconstruction of the rupture surface in Fig. 4b . The estimated volume of displaced material is 1.84 Mm 3 , assuming that the lateral scarps cut up steeply with the same slope as that of the main scarp.
Failure behaviour
The main features of the landslide are present on the earliest airphotos (i.e., 1940) . Shortly before 1952 the western portion of the slide area between the main scarp and the bluff moved by several metres to form a large earth flow tongue. The disturbed surface of this feature, devoid of standing trees, covers nearly one third of the slide area. Its toe appeared to have detached and flowed over the bluff and reached the river channel, although no deposits are visible on the floodplain, indicating that the quantity of displaced material reaching the river was relatively small. Another movement of several metres occurred in the central part of the slide in 1991. This built a colluvial wedge at the base of the slope. A protective dyke was constructed in the river channel following this episode to reduce the entrainment of sediment by the river.
In the winter of 1997 the entire slide area moved by approximately 1 m. Measured displacements, fresh soil exposures, thrown trees, and stressed vegetation indicate that movement in the head occurred over a distance of more than 500 m. However, the ground surface between the freshly disturbed main scarp and the slide toe is forested and shows relatively few signs of fresh disturbance, suggesting that the main body of the slide is moving forward largely as rigid blocks with limited internal deformation. Four surface extensometers, installed in July 1997, have since recorded displacements of 2.6 m maximum. Most of this movement occurred during the winter of 1998-1999 at a rate of approximately 0.4 m/month. Maximum displacements were found between the extensometers located across the main scarp.
The January 1997 movement event occurred during heavy rain with snow on the ground. The winter of 1996-1997 was the wettest on record in the Vancouver area. November and December had seen unusually high snowfalls, with heavy rainfall accumulating during January. A similar pattern was observed prior to the 3 March 1991 event.
The main instability at this site is a ductile compound sliding failure, which moves episodically at slow speeds, responding to pore-pressure changes. The gradual forward displacement of the main mass pushes remoulded material over the crest of the toe scarp, causing three types of very rapid secondary movements of limited magnitude. The first type, block falls and minor slumps along the crest, occurs periodically each year and is probably more frequent following a period of displacement in the main mass. Seepage erosion within the sand units below the main weak surface undermines blocks of fractured silt and clay, increasing the frequency of failure. The debris from the secondary slides accumulates at the foot of the slope, forming a steep colluvial apron. The apron is protected from river erosion by the artificial dyke constructed in 1991 and can build up to the full height of the bluff and become colonized by vegetation.
It consists of a mixture of blocks of clay and silt and woody debris set in a matrix of softened, remoulded clay. The second secondary movement type was illustrated by the events of January 1997 following a shift of the main mass. Blocks slumped from the toe of the slide mass onto the top of the colluvial apron. A large, very rapid, probably undrained failure occurred, moving much of the apron across the dyke and briefly damming the river channel (Fig. 5 ). The volume of this slide was 50 000 m 3 . The total displacement of 30 m resulted in a dam across the 20 m wide river channel which was quickly removed by erosion. A similar, but smaller secondary slide immediately downstream a few days later was recorded by an eyewitness using a video camera. The toe of this slide covered the 30 m distance between the scarp and the river dyke in 10 s, with an average velocity of 3 m/s.
The third type of secondary movement is the flow-like displacement on the surface of the main mass, which was observed in the 1952 airphotos. The dynamic behaviour of this movement is unknown. Although it covered the entire length of the main slide from main scarp to toe, it does not appear to have lowered the surface of the slope by more than a few metres. There is also no sign of it having delivered large quantities of displaced material to the floodplain. This evidence indicates that the movement may have been similar to an earth flow surge (e.g., Hutchinson 1988) , involving primarily remoulded material and probably not faster than "rapid" (3 m/min).
Soil properties
As shown in Fig. 3 , the glaciolacustrine sediments constitute 91% of the source volume and contain 78% laminated clay to clayey silt with minor silt varves or interbeds and 22% sand. Thus, plastic clayey silt comprises about 70% of the source volume. Although somewhat variable, the bulk of this material can be characterized by the properties summarized in Table 1 , derived from testing 23 samples collected from exposures and the borehole:
The aforementioned results must be interpreted with some caution. The laminations and sand inclusions result in heterogeneity, which is partly destroyed by mixing during the tests. Also, some of the near-surface exposures have been affected by desiccation (hence the improbably low liquidity index (LI) values of some remoulded samples). Nevertheless, the test results show that the intact material is overconsolidated, the bulk of the material is moderately to highly plastic, and the sensitivity is moderate or low. The considerable variation of liquidity indices and shear strengths of the remoulded material also reflects the presence of intact fragments, surrounded by a softer matrix, typical of earth flow material (Hutchinson 1988) .
The activity of 0.53 is typical of kaolinite-illite-rich late-glacial clays derived largely by mechanical erosion of non-argillaceous rocks (Skempton 1952) . X-ray diffraction tests confirmed this interpretation.
Special attention was paid to the material adjacent to the surface of rupture. The clay layer that contains the slickensided surface is uniform, light grey, and approximately 1 cm thick. It shows the highest plasticity (plasticity index PI = 36%) and clay content (66%) of all tested samples. Material sampled within 4 cm below the slickensided surface has a lower plasticity (PI = 17%) and clay content (26%). A fine sand seam 1.5 cm thick overlies the failure surface. Material sampled from 0-4 cm above the sand (2-6 cm above the failure surface) was remoulded and of intermediate plasticity.
Analysis
The main slide block evidently exists in the state of limiting equilibrium. A back-analysis of the stability was conducted using the 3D version of Bishop's simplified method (Hungr et al. 1989) . The configuration of the sliding surface is shown in Fig. 4b . Based on index properties and published empirical guidelines, residual friction angles of 14.5°and 17°were selected for laminated silty clay along and oblique to the laminations, respectively (Skempton 1985 Cepeda-Diaz 1986; Stark and Eid 1994) . With these parameters the overall factor of safety of 1.0 was achieved with a piezometric surface located at a uniform depth of 13.5 m beneath the ground surface or, alternatively, a constant pore-pressure ratio (r u ) of 0.19. This combination of effective strength and pore-pressure conditions appears reasonable in light of presently available data, although other combinations of these parameters could also apply. Thus the occurrence, continuation, and character of the instability are explained using a conventional failure mechanism and analysis typical for a large landslide in overconsolidated clay. The episodic movements of the landslide are presumably driven by climate-related rises in pore pressure.
Attachie landslide
Physiography, geology, and climate
The Attachie landslide occurred on the south bank of the Peace River at the western edge of the Alberta Plateau (Figs. 1, 6 ). The river trench has been cut into the flat to gently undulating surface of the plateau in postglacial time. The trench follows for the most part an interglacial valley of the Peace River, cut into Upper Cretaceous shale and sandstone bedrock and containing a dissected, complex Pleistocene fill.
The Laurentide Ice Sheet reached the study area during the Quaternary. Cordilleran ice from the mountains to the west also reached the area. During the last glacial advance the two ice sheets met to the west of this region (Mathews 1978) .
The interglacial interval is marked by the erosion and development of the ancestral Peace River valley with its bedrock floor about 50-60 m above the present river. The valley floor was mantled by a 15-18 m deep layer of alluvial gravels. The erosional interval was terminated by the advance of Laurentide ice from the east which dammed the Peace River. Between 43 500 and 38 000 years BP a lacustrine succession covered the gravel-floored trenches (Mathews 1978) . The ice sheet continued to advance from the northeast, depositing till over the lacustrine sediments.
During the retreating stages of the last Laurentide ice sheet, obstruction of the regional drainage created another series of ice-dammed lakes and younger glaciolacustrine sediments accumulated on top of the till. Since Late Pleistocene the modern Peace River valley has been cut into the bedrock floor of the preglacial trench. The surface of rupture of landslides in the Pleistocene sediments therefore lies above the present river level.
The Peace River region of British Columbia has a dry, subhumid continental climate with cold winters and an average annual precipitation of 466 mm.
Stratigraphy and groundwater conditions
A typical cross section along the centreline of the (post-1973) landslide is shown in Fig. 7 . The stratigraphy at the site is based on eight boreholes drilled between 1979 and 1980 by B.C. Hydro and field observations. The toe of the slope is cut in horizontally bedded Cretaceous shale, approximately 60 m high (it is beyond the right-hand margin of Fig. 7) .
Unit 1 is fluvial, or glaciofluvial, clean, coarse, uniform gravel with minor sand similar in grain size and provenance to the present Peace River gravel (Mathews 1978) . The average thickness of this unit is 14 m at the toe, thinning to 0-7 m beneath the main scarp of the slide.
The gravels are overlain conformably by a sequence of interstratified silt and clay (unit 2), up to 82 m thick. The toe of the 1973 rupture surface is seated in a plastic clay layer at the base of these units 61 m above the river level. Silt dominates, with laminations of clay and sand partings. Very few of the fine sediments sampled had clay fractions exceeding 50%. Laminations are 1-5 mm thick. The clays are stiff to hard and can be highly plastic. Several large lenses of fine-grained, micaceous sand (unit 3) exist.
Surface exposures of the lacustrine sediments along the eastern side-scarp of the 1973 Attachie landslide consist of interlayered fine clayey sands, laminated silts, and silty clays. Beds and laminations in the exposures are frequently tilted, slickensided, and sheared due to slumping. This deformation is partly due to slope instability and partly the result of glacio-tectonism (Evans et al. 1996) . A prominent layer of very dense and relatively undeformed, low-to zero-plasticity, laminated silt can be observed in the side scarp between elevations 530 and 542 m. This layer was not identified in the boreholes drilled through the slide debris and appears to have been largely removed from the slope by the 1973 flow slide.
The glaciolacustrine deposits are overlain by Late Wisconsinan glacial till (unit 4), ranging in thickness from 23 to 38 m. The till cap is missing from the depletion area of the 1973 flow slide. The till is massive, clayey, with scattered well-rounded pebbles and boulders, very stiff to hard, and vertically jointed. Normally consolidated varved silts and clays 0-27 m thick overlie the till at the top of the slope (unit 5).
Slide debris encountered on the lower slopes and damming the river is a mixture of gravel, sand, silt, and clay, with some organic debris (unit 6). Photographs taken shortly after the 1973 flow slide show that the debris is surprisingly blocky, made up largely of boulder-sized angular blocks of clayey silt and till supported by a remoulded matrix (Fig. 8) . Many of the blocks had straight planar sides forming shapes of cubes and pyramids, which suggests separation along joints. Blocks on the slope were mostly composed of till, and those on the floodplain of silt.
The groundwater regime at Attachie appears to be similar to that at the Slesse Park landslide. The basal gravel layer, though more pervious than other surficial units, does not appear to have a good connection to a near recharge area and may therefore normally act only to drain the slide area toward the valley. This is confirmed by observations in the piezometers monitored between 1977 and 1980. Of 14 piezometers, 11 remained essentially dry. Others showed low water tables, some probably perched.
Immediately following the slide of May 1973, however, water was observed to be abundant in the slide area, including springs in the basal gravel beneath the slide. The disturbed silts were in a saturated state such that it was difficult to walk upon them. Thus the Attachie landslide area could be subject to temporary rapid increases in piezometric level caused by a groundwater surge which may last for only a few days.
A relatively rapid rise in the pore-water pressure in the gravel at the base of the laminated clay, combined with filling of tension cracks, probably triggered movement of the slide. Although rapid, such processes would require at least a number of hours to reduce the factor of safety to a sufficiently low value to create the flow slide. Such a process would produce gradual, piecemeal delivery of debris to the crest of the toe scarp and a failure episode lasting over hours. In the actual case, however, the sudden disintegration and flow of the slide debris took place within a few minutes. Such behaviour can only be associated with undrained, brittle failure comparable to the behaviour of quick-clay slides (e.g., Mitchell and Markell 1974). 
Morphology
The steep toe of the slope is at approximately 40°. The ground surface from the toe of the surface of rupture sloped with an average gradient of 17°before the 1973 failure, over a height of 162 m. During the failure the crest of the slope retrogressed 61-76 m and the average gradient was reduced to 15°(the maximum retrogression took place east of the section shown in Fig. 7) . A 560 m long continuous, near-vertical main scarp 15-35 m high defines the upper limit of the 1973 slide. The lateral boundaries of the slide are diffuse due to the instability of neighbouring slopes.
Borehole logs, pinched piezometer tubes, inclinometers, and field observations have been used to reconstruct the 3D shape of the rupture surface (Fig. 9b) . The failure surface is visible in toe exposures as a sharply defined, slickensided plane located in a plastic clay 30-45 cm above the contact with the underlying gravels. The basal gravels are undisturbed, though some amount of gravel is incorporated into the lower 10 or 15 cm of the clay.
The 1973 slide area is traversed by a midslope scarp with a distinct but somewhat discontinuous topographic expression on the slope surface best identifiable in airphotos (Figs. 6a, 6b ). This appears to extend onto the slope beyond the lateral margins of the slide area both upstream and downstream. Subsurface observations indicate that there is a corresponding step in the rupture surface (Fig. 9b) . Most material depletion during the 1973 slide occurred below the scarp (up to 50 m vertically) in the lower part of the slope ("lower stage"). A greater degree of disintegration of the debris material also generally occurred here. One exception is a horizontally lying raft of forested ground, measuring 350 m by 110 m, situated immediately above the toe scarp and underlain by only about 20-30 m of debris. The location where this raft rests has been depleted by at least 10 m vertically, indicating that the raft slid into its present location after much of the underlying soil left the slope. The original volume of this zone was made up mainly of glaciolacustrine sediments (Fig. 7) .
The upper part of the slope also had a roughly bilinear sliding surface profile, although shallower and composed of a large proportion of till ("upper stage"). As shown by drilling, this part of the landslide did not completely disintegrate but preserves large intact blocks back-tilted up to 15°. It also contained shear planes situated beneath the rupture surface. A series of sharp ridges and a narrow, discontinuous graben formed in till at the foot of the main scarp, but these features have now been subdued by erosion. A single drill hole situated on the upper stage showed that the clayey silt material underlying the 1973 rupture surface was also influenced by a certain degree of past sliding disturbance, although with very limited total deformation relative to the overlying layers affected by the 1973 movements.
The total volume of the mass displaced by the 1973 flow slide is estimated from the 3D model shown in Fig. 9 to be 12.4 Mm 3 . About 6.0 Mm 3 remained on the slope while the other 6.4 Mm 3 vacated the slope, descended the 60 m shale scarp, and travelled 900 m across the flat floodplain of the Peace River (Evans et al. 1996) . The deposit in the river was uniformly spread out, covering an area of 83.5 ha with an average depth of 7.6 m (Evans et al. 1996) . The total length of the landslide path from the main scarp to the distal limit of the deposit is 1.5 km, with a "fahrboschung" (travel angle) of 7.7°.
Failure behaviour
Major deformations of the slope occurred prior to the earliest airphotos. A fully developed main scarp, present in 1952, showed a maximum normal displacement of approximately 25 m. The intermediate scarp was also observable, although largely covered by vegetated debris. Another fresh internal scarp, about 10 m high, could be observed circumscribing a slump feature 480 m wide and 120 m long near the toe of the landslide. None of these features changed appreciably between 1952 and 1973, although their appearance remained fresh, suggesting continuing slow movements (Fig. 6a) . Some reactivation was reported by local residents 2 weeks before the 1973 failure (Evans et al. 1996) .
Piecing together all observations, the following sequence of events is proposed. The 1973 flow slide initiated when the soil within the lower stage moved forward by an amount sufficient to launch 6 Mm 3 over and down the toe scarp to the floodplain. A large treed flake of soil which originally rested on the proximal part of the lower stage slope moved about 200 m and stopped just short of the toe scarp. Observations from a drill hole indicated that the treed flake was underlain by remoulded debris. Similar phenomena have been observed in flake slides in Norway (Karlsrud et al. 1984 ) and quick-clay flow slides of Eastern Canada (Evans and Brooks 1994) . One or several retrogressive failures of the upper stage followed due to undercutting of the toe of this mass by the primary movements. The material in the upper stage retrogressions was less mobile, perhaps due to the predominance of till. Therefore, much of the upper stage remained in its source area while the remainder filled the void behind the intact flake of the primary failure with debris rich in till blocks. The top of the slope retrogressed by a maximum of 40 m.
An alternative hypothesis is that the upper stage failed first, sending debris onto the lower stage and causing liquefaction by undrained loading, not unlike some of the secondary movements described for the Slesse Park landslide. However, the upper stage has a relatively small volume and, furthermore, moved only a limited amount. It appears unlikely that this movement could have caused the massive liquefaction and displacement of the 7 million cubic metres of material contained in the lower stage failure. Also, eyewitnesses reported considerable activity at the toe of the slope on the evening before the failure. Large blocks were heard detaching from the toe of the lower stage slide mass and falling into the river (Ms. M. Sewell, personal communication, 2001 ). The present interpretation, that the movement began in the lower stage, therefore appears more plausible.
Disintegration of the lower stage soil masses appears to have been largely completed before their descent over the toe scarp into the flood plain. Only a limited portion of the ground surface remained intact and appears to have been rafted over fluid, disintegrated debris.
The year 1972 was the second wettest year on record in the Peace River region. Also, the snowfall had been greater than the long-term average while temperatures had been below or close to normal. With a cool spring preserving the snow pack and subsequent rain on snow, this condition could well have resulted in higher than normal The flow of the Peace River was blocked for about 10 h by the debris that descended the shale scarp and crossed the floodplain (Evans et al. 1996) . The debris dam was breached gradually without catastrophic release and consequent flooding. Post-slide airphotos show that a well-defined overflow channel, about 150 m in width, had been established within 40 h of the slide occurring.
Soil properties
A considerable amount of laboratory testing was carried out on borehole samples. However, the tests concentrated on horizons near the rupture surface. The preglacial lake deposits are generally classified as inorganic clay of low to medium plasticity (CL) ( Table 2) . Grain-size analyses indicate that most samples described as clay are actually clayey silt with an average clay fraction of 40%. Although nonplastic silts are known to be abundant, with the exception of two samples collected from depths of 70 and 77 m in borehole 63-2 (B.C. Hydro, 1981) , few samples were successfully recovered from drill holes. In August 1998, however, three samples of hard, dry, laminated silt (T3-1-T3-3) were collected from a 12 m surface exposure at an elevation of 530 m, 29 m above the top of the gravels in the downstream side scarp. These samples represent a thick, nonplastic to low-plasticity silt to fine sand facies of the glaciolacustrine sediments, further referred to as silt. Crystals of calcite and gypsum were found on the slope. These minerals may act as cementing agents in the sediments. The presence of calcite in several of the silt samples was confirmed by an acid test.
The glaciolacustrine soils represent nearly 100% of the lower stage instability, which is thought to be the source of the flow slide. Combining all similar layers together, it is estimated that approximately 31% of the source volume consisted of low-plasticity or nonplastic silt, 48% plastic clayey silt or clay, and 21% sand. It is somewhat difficult and subjective to derive this estimate of average composition due to the finely layered nature of the glaciolacustrine deposits. A summary of index properties for the fine-grained units is compiled in Table 2 . A relatively stiff consistency and light overconsolidation of the plastic soils are indicated by the liquidity index, which ranges from -0.04 to 0.6. Activity is low (0.5-1.0), indicating low swelling potential comparable to that of kaolinite. The high dry strength of the silt units suggests the presence of cementation, negative pore pressure, or both.
Samples of clay recovered from the vicinity of the rupture surface in drill holes contained highly plastic clay with a clay fraction of 60-70% and a plasticity index of over 30%. The mineralogy of the clay adjacent to the sliding surface exposed at the toe of the slope was evaluated by X-ray diffraction as primarily illite and kaolinite (ratio » 17:3) and glacially ground rock flour (quartz and feldspar).
Direct shear tests conducted by B.C. Hydro on samples of plastic silty clay from the rupture surface showed peak friction angles of 20.9-27.5°, with cohesion of 0-230 kPa and residual friction angles of 16.7-25.5°. This wide range of friction angles reflects the heterogeneous character of the laminated deposits. Compression indices of the clay were 0.06-0.09, indicating some overconsolidation. A single undrained triaxial test gave values of the pore-pressure parameter A of 0.12-0.55, indicating low sensitivity. These test results should be considered with caution considering the difficulty of testing stiff, fissured clays (Morgenstern 1992) .
Analysis
Stability analyses were carried out on the primary failure involving the lower stage of the instability only, below the internal scarp. Residual friction angles of 14.5°for clay sheared parallel with bedding and 17.0°for clay and silt units sheared obliquely were selected on the basis of index properties of material sampled from known shear zones (Mesri and Cepeda-Diaz 1986; Stark and Eid 1994) . A 3D limit equilibrium model using Bishop's simplified method and only the lower part of the rupture surface shown in Fig. 9b gives a factor of safety of 1.0 with an r u of 0.26, corresponding well with the measured pore pressures. Given the strongly angular shape of the sliding surface, however, it is considered that Bishop's method may be excessively conservative because it neglects internal strength (Hungr et al. 1989) . Further analysis was therefore carried out with a two-dimensional (2D) model of a typical cross section of the lower stage mass shown in Fig. 10 . The Bishop factor of safety for this cross section and the same parameters is 0.92, whereas the Spencer's method, which includes internal strength, yielded 1.05.
Thus, the slope instability can again be explained using conventional limit equilibrium analysis, with plausible, although nonunique input parameters. What remains to be explained, however, is the sudden acceleration and flow slide of May 1973. The motion of the flow slide was simulated using the dynamic analysis model DAN (Hungr 1995) modified to use vertical element boundaries.
DAN models the displacements of the mass resulting from a sudden drop in the shear resistance at the base of the mass to a residual value and the change of the sliding mass into a frictional (Rankine) fluid. The internal stresses vary around the geostatic value depending on strain. The frictional (rate independent) rheology was used. To reduce the variables to a single parameter, a "bulk friction angle" f b is defined in terms of the residual friction angle f r and the mean pore-pressure ratio r u : [1]
The objective of the dynamic analysis was to determine the reduction in shear resistance required to yield the mobility and the post-failure geometry exhibited by the flow slide. This was accomplished by reducing the bulk friction angle along the rupture surface. The post-failure profile of material remaining in the depletion area of the flow slide was successfully simulated with a bulk friction angle f b of 8.1°, as shown in Fig. 11 . Assuming that the residual friction angle is the same as that used in the limit equilibrium analysis, the required pore-pressure coefficient is 0.45. The model indicated maximum velocities of 13 m/s in the material before it fell over the toe scarp. This may be somewhat excessive due to the neglect of viscous forces. The spreading of the flow slide front across the Peace River floodplain was not modelled during this study and would likely require a different set of rheological characteristics due to incorporation of liquefied alluvial soils and water (Hungr 1995) . The purpose of the DAN analysis was merely to assess the magnitude of the change in the balance of forces corresponding to the observed final deformation. More detailed dynamic analysis of this singular landslide case is not warranted without better knowledge of the likely rheological character of this type of material.
A simple approximate analysis was used to assign an index representing the balance of forces to the post-failure conditions in the context of the model described earlier (Fig. 12) . At the onset of movement the flowing mass still has its original geometry, as shown in Fig. 11 . At first the resisting and driving forces are equal. However, movements are soon developing because the basal boundary strength has fallen to the value f b and the slide material has changed into a heavy fluid with a hydrostatic lateral stress distribution. At this point the driving force acting on the slide mass is the heavy fluid pressure, P = gh 2 /2, and the resisting force is R = W tan f b , where g is the bulk unit weight of the material (19 kN/m 3 ), h is the thickness at the proximal end of the slide mass (84 m), and W is the total weight of the mass (234 MN/m width). Inserting the value of f b obtained from the DAN analysis (8.1°) and using the pre-failure geometry, the ratio between the resisting and driving forces is calculated as 0.50. Thus, the ratio of resisting to driving forces (i.e., the factor of safety) must have fallen from 1.0 at the onset of failure to approximately 0.50 in the course of failure to produce the observed overall displacements associated with the flow slide.
Discussion of the flow slide mechanism
Three alternative mechanisms are proposed to explain the transition of the Attachie landslide from a slow, ductile failure to a rapid flow slide.
Mechanism 1: undrained brittleness due to collapse of metastable structure
This is the usual cause of flow slides in sensitive or liquefiable soils (e.g., Casagrande 1936; Leroueil et al. 1996; Hutchinson 1992) . The soil must possess a loose structure which collapses in response to straining or other disturbance. The undrained tendency for volume reduction causes a sudden pore-pressure increase and a loss of strength. At Attachie, however, no collapsive or sensitive soils have been identified near the rupture surface, which had already been presheared by ductile displacements of many metres. The one sample of silty clay subjected to triaxial testing showed slightly contractive behaviour, followed by dilation. The liquidity indices of samples are generally well below 50%. Furthermore, the Attachie silts have been heavily overconsolidated by glacial ice, unlike the collapsive silts of eolian or lacustrine origin which have been documented elsewhere (e.g., Lefebvre 1995) . This mechanism is considered improbable but cannot be disproven completely on the basis of the limited existing information regarding the material characteristics.
Mechanism 2: internal strength of the slide mass Hutchinson (1987) reviewed various mechanisms by which unexpected, rapid movement occurs. One mechanism was illustrated by the 1963 Vaiont slide in Italy. According to Hutchinson (1988, p. 26) , "it formed the basis for recognizing the group of compound slides released by internal shearing occurring towards the rear of a highly brittle slide mass. The factors which lead to such behaviour include 1) a compound (markedly non-circular) shape of the bounding slip surface so that the slide forms initially a kinematically inadmissible mechanism; 2) a strong contrast between a low shear strength bounding slip surface and a high strength, brittle slide mass. These conditions may produce a stored deficit in the overall factor of safety on the boundary shear surfaces which can suddenly be released by a brittle failure along internal shears in the slide mass."
All of the conditions given by Hutchinson (1987) exist in the lower stage of the Attachie landslide. The strong, brittle element is thought to be the very dense, cemented silt facies observed at mid-slope. Although sheared along the rupture surface and displaced by a number of metres, this package of brittle soil may have retained sufficient rigidity to present resistance to motion at the sharp angular change of the rupture surface inclination in the rear of the lower stage slide.
An attempt to quantify this phenomenon was carried out using the Sarma limit equilibrium analysis (Hoek 1987) , which allows one to fully account for frictional and cohesive internal strength of the sliding body. The 2D limit equilibrium analysis of the surface shown in Fig. 10 was repeated with the Sarma method, using the same residual friction angle of 14.5°on the rupture surface and an internal strength which included a friction angle of 30°and a cohesion of 176 kPa, corresponding to the typical undrained shear strength of the overconsolidated soil. To obtain a factor of safety of 1.00 with the above conditions, a pore pressure corresponding to an r u of 0.45 was required. This pore-pressure ratio is relatively high, although it is possible that such high pressures developed along the basal rupture surface prior to the 1973 failure. Brittle failure of the cemented silty layers can be simulated by removing cohesion along the near-vertical internal shear surface. The Sarma factor of safety then falls to 0.83. Thus, a 17% loss in overall force balance can be produced by this mechanism.
Mechanism 3: "macroscopic" brittleness
Lastly, a process that leads to what can be described as "macroscopic" brittleness can be described as follows. The clay, silt, and till soil develops a system of jointing and multiple open tension cracks as a result of shear failure and slow displacements. In places, the stiff silty material breaks down into blocks. The cracks and cavities then fill with softened, remoulded, or loosely deposited material released by loosening of the crack walls. Furthermore, softening and mechanical degradation results in a lowered shear resistance adjacent to the crack walls. A substantial portion of the previously intact soil volume is thus transformed into a mass of blocks of intact clay and till separated by joints filled with a disturbed, loosely deposited matrix. Prior to the catastrophic flow slide failure, the crack contents are saturated by inflow of surface water. Liquefaction of the loose material then occurs, exerting heavy fluid pressure inside the cracks. This suddenly increases the driving forces acting on the passive distal segment of the slide mass.
A somewhat similar process leading to a flow slide from a dense glacial till stratum overlying plastic clay has been described by Terzaghi (1950, p. 112) : "The slide at Swir is an example of a process leading to a mechanical mixture of slide material with water. Before the slide occurred, the glacial till overlying the Devonian clay was firm and stable, and its porosity hardly exceeded 25%. The expansion of the underlying clay broke the glacial till into large fragments. Rain water accumulated in the crevices between fragments. It caused disintegration and collapse of the fragments; and the mixture of water and till fragments flowed into the cut."
The Attachie landslide has some different attributes, but the principle of gradual mechanical disturbance leading to spontaneous disintegration is the same as that proposed by Terzaghi (1950) . The mechanism requires a high degree of jointing and cracking of the slope mass due to preceding sliding movements, which were observed at Attachie. A similar case where macroscopic liquefaction appears to have involved a landslide in permafrost was described by Savigny et al. (1992) . Little is known about the undrained shear behaviour of a mixture of blocks in matrix. Such mixtures are characteristic of slow-to rapid-moving earth flows (e.g., Hutchinson 1988) . It is considered that the extremely rapid, brittle response at this site is due to a relatively low plasticity of the parent material from which the mixture developed.
The change of factor of safety corresponding to this process can be represented using the model illustrated in Fig. 12 . The resisting force, using the friction angle of 14.5°a nd an r u of 0.26, is W(1 -0.26) tan 14.5°, where W is the weight of the passive block. The driving force again equals the hydrostatic thrust of a heavy fluid: gH 2 /2. The ratio of the two is 0.67, showing that the factor of safety may have dropped by as much as 33% as a result of the macroscopic liquefaction process alone without a reduction of the basal boundary strength. It must be noted, however, that such a process is unlikely to have taken place simultaneously across the width and depth of the slide mass. Thus, the given estimate of the magnitude of factor of safety reduction is likely an upper bound.
Summary
In summary, the occurrence of a large rapid earth flow is surprising, given the insensitive and nonbrittle nature of the stiff, clayey silt forming the bulk of the overburden. It is also unusual that the Attachie rapid flow slide occurred at a location which had previously been subject to large, slow Fig. 12 . A simplified stability model used to derive the balance of forces applied in the dynamic analysis. h, maximum depth of slide mass; P, driving force (thrust of the liquified soil); R, resisting force (friction); W, total weight of the slide mass. sliding movements. However, both mechanism 2 and mechanism 3 reported earlier can lead to substantial sudden changes in the balance of forces within the slide mass. The quantitative estimates of these changes are up to 17% for mechanism 2 and 33% for mechanism 3. The dynamic analysis, also reported earlier, requires an overall reduction of 50%. Thus, it is proposed that mechanisms 2 and 3 may have occurred simultaneously and combined to produce the spectacular flow slide event.
Both mechanism 2 and mechanism 3 require the presence of a cemented and (or) partially saturated nonplastic silt within the interior of the sliding body. Such material provides the requisite internal rigidity and brittleness for mechanism 2 and also helps to create and maintain the structure of blocks and deep cracks needed for mechanism 3. Lastly, the relatively low plasticity of the soils may reduce the viscosity of the matrix in the brittle block and matrix mixture, facilitating extremely rapid motion.
Comparison of the two landslides: conclusion
As shown in the descriptions given earlier, the two landslides had similarities in geological setting, geometry, material properties, morphology, and behaviour. The key parameters are summarized in Table 3 . The most significant difference between the two cases, apart from scale (volume), is the presence at Attachie of a considerable content of nonplastic, possibly cemented silt units. The second difference between the two slides is the climate in which they exist and the associated groundwater conditions. In the subhumid climate and low relief of the Peace River region, the Attachie landslide may have contained unsaturated silt.
Two alternative mechanisms have been proposed by which a landslide containing cemented and (or) unsaturated silt could experience a major sudden change in the balance of applied forces. The authors suggest that the presence of nonplastic units in a moving landslide involving overconsolidated lacustrine soils should therefore be considered as a potential cause of catastrophic flow sliding.
